Objective: To test whether the BDNF gene interacts with exercise to predict depressive symptoms. Physical activity is associated with a range of positive health outcomes, including fewer depressive symptoms. One plausible mechanism underlying these findings involves Brain-Derived Neurotrophic Factor (BDNF), a protein hypothesized to limit or repair the damage caused by stress. Physical activity increases expression of BDNF, which may enhance brain health. BDNF expression is controlled by the BDNF gene. Compared with individuals without a BDNF met allele, met-allele carriers have a lower expression of BDNF, which has been associated with Major Depressive Disorder. Design: Eighty-two healthy adolescent girls were genotyped for the BDNF val66met polymorphism, and their depressive symptoms and physical activity were assessed using questionnaires. Main Outcome Measures: BDNF genotype, Children's Depression Inventory, and the Physical Activity Questionnaire for Older Children and Adolescents. Results: The BDNF polymorphism was found to moderate the relation between exercise and depressive symptoms: being physically active was protective for girls with a BDNF met allele (fewer depressive symptoms) but not for girls with the val/val polymorphism. Conclusion: By integrating psychological and biological factors, the present study enhances our understanding of how physical activity contributes to resilience to psychopathology.
Do our genes influence how much we benefit from exercise? A large literature has documented that physical activity is associated with a range of positive health outcomes, including lower levels of stress, anxiety, and depressive symptoms (e.g., Blumenthal et al., 2007; Byrne & Byrne, 1993; Norris, Carroll, & Cochrane, 1992; Sallis, Prochaska, & Taylor, 2000) . One plausible mechanism underlying these effects involves Brain-Derived Neurotrophic Factor (BDNF), a protein that may enhance brain health and plasticity by supporting neuron survival, contributing to growth and differentiation of new neurons and synapses-especially in the hippocampus (e.g., Huang & Reichardt, 2001) , and protecting against stressinduced neuronal damage (e.g., Radecki, Brown, Martinez, & Teyler, 2005) . Expression of BDNF is controlled by the BDNF gene; individuals who carry a BDNF met allele have a lower regulated expression of BDNF than do those without a met allele (Egan et al., 2003) . Egan and colleagues demonstrated that although there is no difference between met BDNF and val BDNF in constitutive secretion of BDNF protein in hippocampal neurons, the regulated or activity-dependent secretion of the BDNF protein is severely reduced in met BDNF (see also Chen et al., 2006) . Given that the majority of the BDNF protein is released from the regulated secretory pathway in neurons (Egan et al., 2003; Lu, 2003) , impaired or reduced activity-dependent secretion from BDNF met neurons represents a significant decrease in the available BDNF protein in individuals with at least one BDNF met allele. Physical activity also increases levels of BDNF protein (Adlard, Perreau, & Cotman, 2005) , as well as BDNF mRNA expression (Adlard et al., 2005; Cotman & Berchtold, 2002; Cotman & Engesser-Cesar, 2002) .
Recent research has found that low levels of BDNF are associated with Major Depressive Disorder (MDD; e.g., Duman & Monteggia, 2006; Karege et al., 2002) . One recent hypothesis concerning the etiology of MDD is that stress has neurotoxic effects that damage or kill hippocampal cells (Sapolsky, 2000) . In turn, this hippocampal damage, including deficient functioning of neuroprotective factors, may underlie symptoms of depression. In this context, the neuroprotective effects of BDNF could help to limit or repair the damage caused by stress and, consequently, reduce risk for depression (see Levinson, 2009 , for a review).
only a small direct effect on phenotypes. This finding is consistent with results of investigations in psychopathology that support the formulation that the likelihood of developing a disorder is a function of the interaction of genotype and other personal or environmental factors. For example, Caspi et al. (2003) demonstrated that a polymorphism in the promoter region of the serotonin transporter gene 5-HTTLPR was associated with risk for depression only in the presence of life stressors. Given findings that exercise influences both levels of BDNF and symptoms of depression Gomez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002) , BDNF gene interacting with physical activity in predicting levels of depressive symptoms is plausible (see Post, 2007) .
Importantly, despite documentation that exercise can reduce symptoms of depression (see Barbour, Edenfield, & Blumenthal, 2007 , for a review), the effects of exercise on individuals at elevated risk for MDD are not clear. Previous research has demonstrated that adolescent girls at risk for MDD resemble currently depressed adults in their responses to stress (Gotlib, Joormann, Minor, & Hallmayer, 2008) and their attentional biases for negative stimuli (Joormann, Talbot, & Gotlib, 2007) . In the present study we also examined adolescent girls because adolescence is a critical developmental period that coincides with the onset of a number of mental disorders, including depression. Approximately twice as many females as males experience depression (Kessler & Wang, 2009) , making adolescent girls an especially relevant target population to study in this context. Furthermore, findings from both animal and human studies suggest that levels of BDNF vary with age, with levels increasing until adolescence or young adulthood and being maintained throughout older age (Katoh-Semba, Takeuchi, Semba, & Kato, 1997; Narisawa-Saito & Nawa, 1996; Webster, Weickert, Herman, & Kleinman, 2002) . Finally, gene-or environment-related alterations in BDNF levels may lead to behavioral and neuroanatomical changes that vary with age (Casey et al., 2009 ). Adlard et al. (2005) found that the relation between exercise and BDNF protein content in the mouse hippocampus differs as a function of age. Compared to younger mice, older mice experienced a larger relative increase in BDNF protein levels from less exercise. More specifically, young mice, who ran twice as far as late middle-aged and old mice, experienced only a 25%-33% increase in BDNF protein levels over that exhibited by the older mice, suggesting that exercise in younger samples, compared with older samples, results in a proportionally lower increase in BDNF.
In this study we tested whether physical activity is a protective factor in adolescent girls who carry a BDNF met allele. We predicted that higher levels of physical activity would be associated with lower levels of depressive symptoms for girls with, but not for girls without, a BDNF met allele.
Method
Participants were 82 girls between 10 and 16 years (M ϭ 14.0, SD ϭ 1.8) with no current or past history of Axis I disorder. Fifty-three of the girls identified themselves as white, four as Hispanic, eight as Asian American, and six as biracial; 11 girls did not provide their ethnicity. They were recruited (through their mothers) using advertisements in newspapers and via the Internet, and were paid for participating.
The Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime version (K-SADS-PL; Kaufman et al., 2000) was used to confirm that girls had no current or lifetime diagnosable psychopathology. Depressive symptoms were also assessed with the 10-item version of the Children's Depression Inventory (CDI-S; Kovacs, 1985) . Physical activity was measured with the 10-item Physical Activity Questionnaire for Older Children and Adolescents (PAQ-CA; Kowalski, Crocker, & Faulkner, 1997a; Kowalski, Crocker, & Kowalski, 1997b) . This validated questionnaire uses memory cues such as lunch and evening activity items, days of the week, and elements of the school day, which enhance recall abilities to assess levels of physical activity. Rather than differentiating levels of frequency or intensity of physical activity, which are difficult to reliably assess in children and adolescents, a summary score is computed to represent a general level of activity. Data administration was conducted using dynQuest (Rademacher & Lippke, 2007) .
Finally, saliva was collected to genotype participants' BDNF with the Oragene Kit (DNA Genotek, Ottawa, Ontario, Canada). Using the primers 5-ACT CTG GAG AGC GTG AAT GG 3 and 5 ACT ACT GAG CAT CAC CCT GGA-3, a 171 bp product was amplified, followed by digestion with PmaCI restriction enzyme and agarose gel electrophoresis. The following genotypes were assigned: GG two bands 99 bp and 72 bp; GA two bands 171 and 99 bp; AA one band 171 bp. Forty-eight girls had the GG genotype (val/val), 32 had GA (val/met), and 3 had AA (met/met). The allele frequencies of BDNF were in the Hardy-Weinberg equilibrium, 2 (2, 82) ϭ 1.05, p ϭ .59.
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Results
For the full sample, depressive symptoms (as assessed with the CDI-S) ranged from 0 to 9 (M ϭ 1.62, SD ϭ 1.96), the average being well below a score of 10, the recommended cut off for possible depression (Kovacs, 1985) . The physical activity scores ranged from 1.02 to 4.48 (M ϭ 2.52, SD ϭ 0.73) on a 5-point scale (1 ϭ no activity, 5 ϭ high activity), indicating that the girls are moderately active on average. The correlation between physical activity and depressive symptoms was not statistically significant (r ϭ Ϫ.17, p ϭ .13). Girls with and without a met allele did not differ in age (M ϭ 13.7 vs. M ϭ 14.2 years, respectively, t(80) ϭ 1.12, p ϭ .27), CDI-S scores (M ϭ 1.57 vs. M ϭ 1.66, respectively, t(80) ϭ 0.20, p ϭ .84), or physical activity (M ϭ 2.49 vs. M ϭ 2.53, respectively, t(80) ϭ 0.22, p ϭ .83).
To test whether the BDNF polymorphism moderated the relation between physical activity and depressive symptoms, we conducted a hierarchical linear regression using centered variables. The results are presented in Table 1 . Neither physical activity score nor BDNF polymorphism individually predicted CDI-S scores. The interaction of physical activity and BDNF polymorphism, however, significantly predicted depressive symptoms, F change (1, 78) ϭ 5.33, ⌬R ϭ .06, p ϭ .02, indicating that physical activity had differential effects on depressive symptoms for the two geno-type groups. Follow-up analyses indicated that, for girls who were homozygous for the val allele, physical activity was not associated with depressive symptoms (r ϭ .04, p ϭ .79). In contrast, for girls with at least one met allele, higher physical activity was associated with lower CDI-S scores (r ϭ Ϫ.44, p ϭ .01).
2,3 Figure 1 presents CDI-S scores as a function of BDNF polymorphism and a median split on physical activity.
Discussion
This study was designed to examine the interaction of BDNF polymorphism and physical activity in affecting level of depressive symptoms. Physical activity was conceptualized as a protective factor; the interaction between BDNF and physical activity was hypothesized to be associated with lower levels of depressive symptoms. The results indicate that BDNF genotype moderates the protective effect of physical activity on depressive symptoms in adolescent girls. Physical activity was beneficial for girls at increased genetic risk for depression (i.e., those who carry a BDNF met allele), but not for low-risk girls (i.e., those homozygous for the BDNF val allele). Previous research has found that exercise is more beneficial for individuals with higher levels of depression than it is for less severely depressed persons (e.g., Browman, 1981) . The present findings parallel these data, demonstrating that physical activity is particularly beneficial for girls at higher genetic risk for depression.
Previous health behavior research has shown that interactions between genotype and depression predict negative health behaviors, such as smoking (Lerman et al., 1998) , and has underscored new possibilities for health psychology research using genetic information, including tests of biological mechanisms intervening between genes and behavior (e.g., Plomin, 1998) . By integrating psychological and biological factors, the present study contributes to our understanding of the role of exercise for resilience to psychopathology. It also adds to a growing literature investigating genetic aspects of risk for depression (e.g., Monroe & Reid, 2008) and highlights a specific health behavior, physical activity, which may protect individuals who are at an increased risk for psychopathology.
These findings are exciting, particularly given that the protective effects of the BDNF met allele were evident even at relatively low levels of depressive symptoms and in an age group in which more exercise might lead to relative lower BDNF levels, compared with older groups (cf. Adlard et al., 2005) . Future research is needed to replicate these results in larger and more diverse samples in order to control for effects of gender, age, or psychopathology, as well as to examine longitudinally whether physical activity acts as a protective factor for individuals at genetic risk for the development of MDD. We should note here that even though we obtained statistically significant findings, our study was slightly underpowered; future research should attempt to recruit samples of about 130 participants, especially when examining groups of participants that are not as homogeneous as the group of healthy adolescent females studied here.
It is critical that future investigations further test mechanisms that might underlie the association of physical activity with depressive symptoms by comparing biological (e.g., BDNF level) and psychological factors (e.g., self-concept, self-esteem; cf. Dishman et al., 2006) , as well as by examining the efficacy of interventions designed to affect specific changes in health behaviors in children at risk for depression. Figure 1 . CDI-S scores by BDNF polymorphism and level of physical activity (separated in low and high physical activity based on a median split). Note: CDI-S ϭ Child Depression Inventory-Short Form; Val/val ϭ girls with two BDNF val-alleles; met-carriers ϭ girls with a least one BDNF met-allele; error bars are standard errors of the mean. Group sizes for val/val homozygotes are n ϭ 24 for low physical activity and n ϭ 23 for high physical activity; for met-allele carriers n ϭ 18 for low physical activity and n ϭ 17 for high physical activity. .02
